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Polyinosinic-polycytidylic acid-mediated stimulation of human yé T cells
via CD11c™ dendritic cell-derived type I interferons
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SUMMARY

The recognition of pathogen-associated molecular patterns (PAMPs) by the innate immune
system is a crucial step in inducing effective immune responses. Double-stranded RNA [mim-
icked by polyinosinic-polycytidylic acid (poly(I:C)], synthesized by various types of viruses,
represents one important member of these immunostimulatory microbial components. Here we
report that poly(I:C) has potent yo T-cell costimulatory capacity. Within peripheral blood
mononuclear cells, poly(I:C)-stimulated yé T cells expressed increased levels of CD69 and
exhibited significantly enhanced antigen-mediated proliferation in response to isopentenyl-
pyrophosphate (IPP). Among several recombinant cytokines tested, type I interferons (IFN-o,
IFN-p) and interleukin-15 (IL-15) showed a similar activation pattern of yo T cells. yo T-cell
clones and purified y6 T cells did not respond to poly(I:C), indicating indirect effects of this
compound. Depletion of CD11c* dendritic cells (DC), which express Toll-like receptor 3
(TLR3), known to recognize poly(I:C), abrogated poly(I:C)-mediated stimulation of yd T cells.
In addition, the supernatant of poly(I:C)-treated CD11c* DC was able to mimic the stimula-
tory effects of poly(I:C) on yd T cells. Experiments with neutralizing antibodies indicated that
type I IFNs, but not IL-15, contributed to the poly(I:C)-mediated activation of y6 T cells. In
conclusion, yé T-cell activation by immunostimulatory double-stranded RNA, such as poly(1:C),
is indirectly mediated via type I IFNs derived from TLR3-expressing CD11c™ DCs. These
results suggest that upon confrontation with certain viruses, yé T cells can be rapidly activated

by type I interferons and may contribute to effective antiviral responses.
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INTRODUCTION

70 T cells are known to play an important role in connecting
the innate and acquired immunity while sharing several fea-
tures of off T cells and natural killer (NK) cells. Human y6 T
cells expressing the Vy9Vo2-encoded T-cell receptor (TCR),
which represent the major subset in the peripheral blood of
adults, recognize non-peptide, low-weight phosphate-con-
taining molecules (phosphoantigens) and synthetic amino-
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bisphosphonates in the absence of major histocompatibility
complex (MHC) restriction or antigen processing.' After
this unique antigen recognition, Vy9V32™" T cells promptly
release pro-inflammatory cytokines [preferentially inter-
feron-y (IFN-y) and tumour necrosis factor-o (TNF-o)]* and
chemokines,* proliferate polyclonally and become broadly
reactive cytotoxic effector cells." Thus, yd T cells are sug-
gested to have a sentinel function by participating in the early
host response against bacterial, parasitic and viral infections,
and in linking the innate and acquired immunity by provi-
ding the first barrier until antigen-specific o T cells have been
recruited and expanded.’

The exact role of yé T cells in viral infections remains
unknown. However, the in vivo expansion of this T-cell subset
during several viral infections, and the in vitro response to
virus-infected cells, indicates a role of these lymphocytes
during antiviral immune responses. For example, acute
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Epstein—Barr virus (EBV) infection in humans is associated
with an increased proportion of peripheral blood Vy9Vé2 ™" T
cells that exhibit an activated phenotype.® This in vivo
Vy9V2™ cell response resamples the in vitro reactivity of this
T-cell subset against the EBV-associated Burkitt’s lym-
phoma-derived cell lines, such as Daudi.” In murine models,
10 T cells protect mice from lethal encephalitis induced by
herpes simplex virus-1 (HSV-1) infection, supporting their
important contribution to the immune response against HSV
infection.® It has been shown that 30 T cells are broadly
reactive against different viruses, such as herpes viruses
(HSV, cytomegalovirus, human herpes virus-6), vaccinia
virus, influenza virus, coxsackie B virus and human or simian
immunodeficiency virus (HIV/SIV).? In addition, the cyto-
toxic activity of yo T cells was found to be MHC-unrestricted
and not dependent on the infecting virus type.'® Therefore,
the antiviral effector function of yé T cells seems not to be
directed against specific viral antigens.

Double-stranded RNA (dsRNA) is a viral product
generated during the proliferation cycle of many pathogenic
viruses. Viral dsSRNA and its synthetic mimetic, polyinosi-
nic-polycytidylic acid [poly(I:C)], are both strong inducers
of type I IFNs (IFN-« and -f) in vitro and in vivo, which
function as key cytokines in antiviral host defence. Previ-
ously, dsRNA was thought to activate only intracellular
targets, including the IFN-inducible dsRNA-activated
protein kinase R (PKR).'"'> However, recent studies have
shown that the Toll-like receptor 3 (TLR3) recognizes
dsRNA and transduces signals which activate the nuclear
factor-kappaB (NF-«B) and the IFN-§ promoter.'>!*
TLR3 is structurally related to TLR7, -8 and -9, which are
members of a TLR subfamily recognizing microbial nucleic
acid derivates.'® In contrast to other TLRs, expression of
TLR3 mRNA is restricted to dendritic cell (DC) subsets,
fibroblasts and intestinal epithelial cells.'*!®!7 Among dif-
ferent DC subsets, only CD11c* DC were reported to re-
spond to poly(I:C), while CD4" CDllc type 2 DC
precursors (plasmacytoid DC) are stimulated by immuno-
stimulatory bacterial DNA (CpG DNA) via TLR9.!®

In the current study, we focused on characterizing the
effects of the synthetic dsSRNA poly(I:C) on human yo6 T
cells. Our results show that:

(1) poly(I:C) is able to activate yo T cells similarly to
recombinant type I IFNs and interleukin (IL)-15.

(2) poly(I:C) is a potent costimulatory agent for antigen-
induced proliferation of Vy9Vé2™ T cells.

(3) poly(I:C)-induced stimulation of yd T cells is
dependent on type I IFNs derived from CDI11c™ DCs.

MATERIALS AND METHODS

Reagents and cytokines

Poly(I:C), isopentenylpyrophosphate (IPP), phytohaemag-
glutinin (PHA) and phorbol 12-myristate 13-acetate (PMA)
were purchased from Sigma (Deisenhofen, Germany),
human recombinant IFN-«2a (Roferon®) from Hoffmann-
La Roche AG (Grenzach-Wyhlen, Germany), human
recombinant IFN-f, human IL-12, human granulocyte—
macrophage colony-stimulating factor (GM-CSF) and

human IL-4 from TEBU (Frankfurt, Germany), human
recombinant IFN-y (Polyferon 50®) from Dr Rentschler
Arzneimittel GmbH & Co (Laupheim, Germany), human
recombinant IL-2 (Proleukin®) from Euro Cetus GmbH
(Frankfurt, Germany), human recombinant IL-15 from
Endogen (Biozol, Miinchen, Germany) and human
recombinant TNF-o from Sigma.

Cell isolation and culture

Heparinized peripheral blood was obtained from different
healthy donors after obtaining their informed consent.
Mononuclear cells [peripheral blood mononuclear cells
(PBMC)] were isolated by leukapheresis or from hepari-
nized blood by Ficoll-Hypaque density centrifugation
(Amersham Pharmacia, Uppsala, Sweden). A total of
5x 10* PBMC were cultured in RPMI-1640 (Gibco, Pais-
ley, UK) supplemented with 10% pooled human AB serum
(PAA, Coelbe, Germany), 2 mMm L-glutamine (Gibco),
100 U/ml penicillin and 100 pg/ml streptomycin (Seromed,
Berlin, Germany) in 96-well round-bottom microtiter plates
(Greiner, Solingen, Germany) for the indicated time inter-
vals (1-8 days) at 37° in a humidified atmosphere (5%
CO,). As indicated, PBMC were cultured in medium alone
(negative control), or in the presence of different concen-
trations of poly(I:C) or various cytokines. For evaluation of
yo T-cell expansion, PBMC were harvested after an 8-day
culture period and analysed using two-colour flow cyto-
metry with fluorescein isothiocyanate (FITC)-conjugated
anti-pan y0 TCR and phycoerythrin (PE)-conjugated anti-
CD3 monoclonal antibody (mAb). To calculate the
expansion of absolute cell numbers, the number of viable
cells per well was counted. Viability was confirmed by the
Trypan blue exclusion test.

Purification of y T cells from PBMC was performed by
positive selection according to the manufacturer’s instruc-
tions (Miltenyi Biotec, Bergisch Gladbach, Germany).
Briefly, PBMC were incubated with hapten-conjugated
anti-y0 TCR mAD for 15 min at 4°, washed and then sub-
sequently incubated with FITC-conjugated anti-hapten
immunomagnetic beads, and then passed through a strong
magnetic field. The isolated yo T cells yielded a purity of at
least 98%. Depletion of CDI1lc™ cells from PBMC was
performed by a negative-selection procedure using
PE-conjugated anti-CD1lc mAb (Becton Dickinson,
Heidelberg, Germany) and anti-PE immunomagnetic beads
(Miltenyi Biotec). The negative-selected population con-
tained < 0-1% CD1lc™ cells, as assessed by flow cytome-
try. The viability of positive- or negative-selected cell
populations was confirmed by the Trypan blue exlusion test
and forward/side-scatter gating.

Immature DC (iDC) were generated from human per-
ipheral blood monocytes, as previously decribed.'® Briefly,
adherent monocytes from PBMC were cultured for 6 days
in flat-bottom 24-well plates in RPMI supplemented with
10% autologous serum, GM-CSF (1000 U/ml) and IL-4
(1000 U/ml). Fresh medium plus cytokines was added
every 3 days. The resulting preparation routinely contained
> 90% immature DCs, as assessed by morphology and
flow cytometry.

© 2004 Blackwell Publishing Ltd, Immunology, 112, 369-377
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Generation of o T-cell clones

To generate yd T-cell clones, PBMC were depleted from of
T cells (by anti-TCR «ff mADb) and from NK cells (by anti-
CDI16 mAb) through magnetic-activated cell sorting
(MACS) (Miltenyi Biotec), as described previously.? After
depletion procedures, cells were seeded under limiting-
dilution conditions (0-45 cells/well) and cultured with
irradiated allogeneic PBMC and EBV-transformed B cells
(3 x 10* cells/well) as feeder cells in 96-well round-bottom
microtitre plates. The medium consisted of RPMI and
antibiotics, 10% human AB serum, 200 U/ml IL-2 and
PHA (1 ug/ml). Growing microcultures were periodically
supplemented with 100 U/ml IL-2 and irradiated feeder
cells. The phenotype of clones was assessed by flow cyto-
metric analysis using anti-Vol-FITC (Biozol), anti-V§2-
FITC or anti-Vy9-FITC (both Beckman Coulter, Krefeld,
Germany) mAbs.

Flow cytometric analysis and mAbs

Cells were harvested after the indicated culture periods and
analysed using one- or two-colour flow cytometry (FACScan
flow cytometer; Becton Dickinson), using the CELLQUEST
program. Cells were stained with the appropriate concen-
trations of the following mAbs: FITC-conjugated anti-pan
16 TCR (Beckman Coulter) or anti-TCR-af (T-Cell Diag-
nostics, Woburn, MA), PE-conjugated anti-CD?3, anti-CD25
(a-chain IL-2 receptor), anti-CD69, anti-CD122 (-chain IL-
2 receptor; Beckman Coulter), anti-CD54, anti-CD95 or
anti-HLA-DR mAbD (all from Beckman Coulter), unconju-
gated anti-TLR3 mAb (Biocarta, Hamburg, Germany) or an
appropriate isotype-control mAb. Lymphocytes were gated
based on their forward (FSC) and side-scatter (SSC) profile
for each experiment.

For cytokine-inhibition assays, PBMC were cultured in
the presence or absence of neutralizing anti-cytokine
immunoglobulin at the indicated concentrations. Mono-
clonal anti-human type I IFN receptor (IFN-« receptor
chain 2; mouse) was purchased from DPC Biermann (Bad
Nauheim, Germany), polyclonal anti-human IL-15 (rabbit)
and monoclonal anti-human IL-12 (mouse) were purchased
from Endogen (Woburn, MA). Polyclonal anti-human
TNF-u (rabbit), polyclonal anti-human IFN-y (rabbit) and
monoclonal anti-human IL-2 (mouse) were from TEBU
(Frankfurt, Germany). Isotype-matched control antibodies
(mouse, rabbit) were purchased from Pharmingen (Ham-
burg, Germany).

Cytokine analysis

Quantification of IFN-y in PBMC supernatants was per-
formed by enzyme-linked immunosorbent assay (Endogen).
Supernatants were collected after 24 or 64 hr and stored at
—80°, after centrifugation, until analysis was performed
according to the manufacturer’s instructions. Samples were
analysed in triplicate. The sensitivity of the assay used was
< 2 pg/ml for IFN-y. Intracellular cytokine staining was
performed to determine the IFN-y production of yd T cells
at a single-cell level. Monensin (5 pg/ml; Sigma) was added
for 5hr to the cells in culture to induce intracellular
accumulation of newly synthesized proteins. Cells were
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harvested and stained for the surface expression of TCR-yd
by incubation with PE-conjugated anti-pan TCR y5 mAb
for 15 min. After staining, the cells were fixed with a
paraformaldehyde-containing solution for 10 min at room
temperature in the dark, according to the manufacturer’s
instructions (DAKO IntraStain; DAKO, Hamburg, Ger-
many). Cells were washed with phosphate-buffered saline
(PBS) containing 1% fetal calf serum (FCS) and permea-
bilized with 0-5% saponin for 5 min at room temperature.
FITC-conjugated anti-IFN-y (Beckman Coulter) was ad-
ded to permeabilized cells and incubated for 15-30 min at
room temperature in the dark. Cells were washed with
PBS/1% FCS and analysed on a FACScan flow cytometer.
As a control, samples were incubated with an irrelevant
isotype-matched mAb (Becton Dickinson).

RESULTS
Activation of yé T cells by poly(I:C)

To investigate the activating properties of poly (I:C) on yd
T cells, PBMC from different donors were incubated with
different concentrations of poly (I:C), without additional
cytokines. After 24 hr, the surface expression of CD69 was
measured on yd T cells. As shown in Fig. 1(a), poly(I:C)
induced a dose-dependent CD69 up-regulation on a large
percentage of 0 T cells of all donors. In addition, the
kinetics of yd T-cell activation by poly(I:C) was followed by
determining the expression of CD69 and CD25 on 6 T cells
during a 72-hr culture period. CD69 was up-regulated to a
maximum level on y0 T cells after 24 hr of incubation, and
showed a subsequent decrease at 48- and 72-hr time-points
(Fig. 1b). In contrast to known yd T-cell ligands, such as
the phosphoantigen IPP, poly(I:C) did not induce signifi-
cant CD25 expression on ypd T cells during the culture
period (Fig. 1b). Other activation markers, such as HLA-
DR, CD122, CD54 or CD95, were also not expressed on yd
T cells in response to poly(I:C) (data not shown).
Up-regulation of CD69 by poly(I:C) was not observed on
CD4"% and CD8" of T cells, while NK cells showed a
similar expression pattern of activation markers (only
CD69, no CD25 or HLA-DR up-regulation) as y6 T cells
(data not shown). Therefore, in PBMC cultures, both 6 T
cells and NK cells exhibited signs of a partial activation
status after exposure to poly(I:C).

Poly(I:C)-induced activation of yé T cells is not associated
with IFN-y production

An effector function of yd T cells is the release of cytokines
after activation, particularly T helper 1 (Thl) cytokines
(TNF-a, IFN-y). We have previously reported that yo T cells
produce high levels of IFN-y after specific stimulation with
phosphoantigens, such as IPP or the aminobisphosphonate
pamidronate.” To test whether poly(I:C) can induce IFN-y
secretion, IFN-y concentrations were measured in the sup-
ernatants of poly(I:C)-treated PBMC cultures. Incubation
with poly(I:C) (100 pug/ml) induced the production of
significant amounts of IFN-y after 24- and 64-hr culture
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Figure 1. Partial activation of yo T cells by polyinosinic-polycyti-
dylic acid [poly(I:C)]. (a) Expression of CD69 on yd T cells after
stimulation of primary peripheral blood mononuclear cells
(PBMC) with different concentrations of poly(I:C). Results repre-
sent mean values £ standard deviation (SD) of triplicate cultures
from three different healthy donors. (b) Percentage of CD69 * and
CD25" 95 T cells before (0 hr) and after 24, 48 and 72 hr of pri-
mary PBMC culture in the presence of poly(I:C) (100 ug/ml) or
medium alone. Results are shown as mean + SD of triplicate
cultures from one representative donor. Similar activation profiles
were observed in four additional donors.

periods (Fig. 2). However, single-cell analysis revealed no
significant increase of intracytoplasmatic IFN-y concentra-
tions in pd T cells, despite a marked up-regulation of CD69.
In contrast, non-specific (PMA/ionomycin) and specific
(IPP, pamidronate) stimulation of yd T cells induced a sig-
nificant increase of intracellular IFN-y levels (Table 1).
These data indicate that cells other than yd T cells contribute
to poly(I:C)-mediated IFN-y production in PBMC cultures.

Potent enhancement of the antigen-mediated yo T-cell
proliferative response by poly(I:C)

Next, we evaluated the effect of poly(I:C) on 9§ T-cell
expansion in PBMC cultures. Phosphoantigen-activated yd
T cells proliferate in the presence of exogenous growth
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Figure 2. Interferon-y (IFN-y) production of peripheral blood
mononuclear cells (PBMC) stimulated with polyinosinic-polycyti-
dylic acid [poly(I:C)]. PBMC were cultured with poly(I:C)
(100 ug/ml) or medium alone. Supernatants were assessed for
IFN-y content by enzyme-linked immunosorbent assay (ELISA)
after 24 and 64 hr of culture. The mean values of three separate
experiments are shown.

Table 1. Polyinosinic-polycytidylic acid [poly(I:C)] stimulation
does not induce interferon-y (IFN-y) production in 0 T cells

% CD69 ™" % CD25" % IFN-y™*
70 T cells 70 T cells 70 T cells
Medium 27 5 0
PMA /ionomycin 100 ND 83
IPP 93 88 41
Pamidronate 79 50 57
poly(I:C) 73 ND 9

Intracellular IFN-y expression of y0 T cells was measured by single-cell
analysis after culture of peripheral blood mononuclear cells (PBMC) for
72 hr in medium alone or in the presence of phorbol 12-myristate 13-acetate
(PMA) (25 ng/ml)/ionomycin (500 ng/ml), isopentenylpyrophosphate
(IPP) (5 ug/ml), pamidronate (10 ug/ml) or poly(I:C) (50 pug/ml), as des-
cribed in the Materials and methods. In addition, the expression of CD69
and CD25 on 90 T cells was determined by standard two-colour fluores-
cence-activated cell sorter (FACS) analysis.

The data show the mean percentages of positive y0 T cells from one
experiment that is representative of three separate experiments. ND, not
determined.

factors, such as IL-2 and IL-15. Therefore, we analysed the
percentage of o T cells in PBMC after 7 days of culture in
the presence of a specific antigen (IPP 2-5 pug/ml) and low-
dose IL-2 (10 U/ml). The results show that poly(I:C)
enhanced the proliferation of pd T cells in a dose-dependent
manner, although poly(I:C) alone did not significantly alter
the percentage of y6 T cells in PBMC cultures (Fig. 3a).
This costimulatory effect of poly(I:C) was even more
impressive when absolute yo T-cell numbers were measured.
As shown in Fig. 3(b), a combination of poly(I:C) and IPP
induced a vigorous proliferative response of y6 T cells in the
presence or absence of exogenous IL-2. This expansion of
70 T cells was clearly superior compared with the expansion
induced by IPP and low-dose IL-2. In line with the results
obtained by analysing the relative y T-cell fractions, yo T
cells did not significantly proliferate in the presence of
poly(I:C) alone. These results demonstrate that poly(I:C)

© 2004 Blackwell Publishing Ltd, Immunology, 112, 369-377
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Figure 3. Enhancement of the yd T-cell proliferative response by
polyinosinic-polycytidylic acid [poly(I:C)]. (a) Peripheral blood
mononuclear cells (PBMC) were stimulated with different con-
centrations of poly(I:C) in the presence (black bars) or absence
(white bars) of isopentenylpyrophosphate (IPP) (25 pg/ml). Low
doses of interleukin-2 (IL-2) (10 U/ml) were present in all cultures.
After 7 days of culture, the percentage of yo T cells was determined
by two-colour fluorescence-activated cell sorter (FACS) analysis
using anti-CD3 and anti-pd T-cell receptor monoclonal antibody.
Results represent mean values = standard deviation (SD) of three
separate experiments. (b) PBMC were incubated with poly(I:C)
(100 ug/ml), IPP (2-5 ug/ml), or both, in the presence (closed bars)
or absence (open bars) of low doses of IL-2 (10 U/ml). Absolute
numbers of y0 T cells were determined on day 7 by counting the
number of viable cells per well and measuring the percentage of 7
T cells by FACS analysis. The results are expressed as mean
values = SD of triplicate cultures of one representative donor.
Similar results were obtained with three other donors.

can provide potent costimulatory signals for antigen-
mediated yd T-cell proliferation.

Effect of poly(I:C) on yé T-cell clones and purified yé T cells

To examine the potential direct effects of poly(I:C) on 74
T cells, 6 T-cell clones (two Vy952" clones and one
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V61" clone) were selected and cultured for 24 hr in
medium, without mitogens or IL-2, before analysis. The
expression of CD69 on these clones was measured before
and after 24 hr of culture in the presence of PHA
(1 ug/ml), poly(I:C) (100 pg/ml), or medium. While PHA
up-regulated the activation marker on all tested clones,
poly(I:C) had no influence on CD69 expression on yd
T-cell clones in comparison with the medium-only control
(Fig. 4). Similar results were obtained when purified y0 T
cells (> 98% purity after a positive selection procedure)
were used instead of Vy9Vo2 T-cell clones (data not
shown). In addition, we were unable to detect cell-surface
or intracellular TLR3 expression in yd T cells by flow
cytometry; and were also unable to detect TLR3 expres-
sion in cell lysates of highly purified y0 T cells, as
investigated by Western blot using a mAb against TLR3
(data not shown).

Cytokine-mediated activation of y6 T cells

As poly(I:C) is a strong inducer of pro-inflammatory cyt-
okines (especially type I IFNs and IL-12), we investigated
whether poly(I:C)-induced partial activation of yé T cells
can be mimicked by recombinant cytokines. Therefore,
PBMC were incubated with various concentrations of the
following recombinant cytokines: IFN-«, IFN-f, IFN-y,
IL-12, TNF-a, IL-2 and IL-15. After 24 hr, the up-regula-
tion of CD69 on yd T cells was analysed. As shown in
Fig. 5, treatment of PBMC with type I IFNs (IFN-a, IFN-
p) strongly up-regulated CD69 expression on yJ T cells in a
dose-dependent manner, comparable to that seen in poly(-
I:C)-treated PBMC cultures. IL-15 and, to a lesser extent,
IL-2, also induced a dose-dependent activation of yd T cells,
as assessed by CD69 up-regulation. In contrast, TNF-o, IL-
12 or IFN-y did not induce a significant increase of CD69
expression on pd T cells at any dose tested. In accordance
with the results obtained using poly(I:C), type I IFNs and
IL-15 did not induce significant up-regulation of other
activation markers, such as CD25 or HLA-DR (data not
shown). Therefore, type I IFNs and IL-15 are candidate
cytokines for mediating non-specific o T-cell activation by
poly(I:C).
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Figure 4. Polyinosinic-polycytidylic acid [poly(I:C)] fails to activate y5 T-cell clones. The Vy9V2™ 76 T-cell clone, K31, was
cultured with phytohaemagglutinin (PHA) (1 pg/ml), poly(I:C) (100 pug/ml), or medium alone (i.e. without the addition of
exogenous cytokines). After 24 hr, the expression of CD69 was determined by two-colour fluorescence-activated cell sorter
(FACS) analysis. This analysis is representative for one 0 T-cell clone. Similar results were obtained with two additional
Vy9Vs2™ 8 T-cell clones. FITC, fluorescein isothiocyanate; PE, phycoerythrin.
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Figure 5. The effect of different recombinant cytokines on the
activation of yd T cells. The percentage of CD69 ™ 95 T cells after
24 hr of culture of primary peripheral blood mononuclear cells
(PBMC) are shown in the presence of different concentrations of
various cytokines [interferon (IFN)-y, -, -o; interleukin (IL)-15, -2,
-12; and tumour necrosis factor-o (TNF-2)] and polyinosinic-
polycytidylic acid [poly(I:C)] in comparison to a medium-only
control. Results are shown as mean values + SD of triplicate
cultures of one representative donor. Similar results were obtained
with three other donors.

CD11c* immature DC are responsible for
poly(I:C)-mediated activation of yé T cells

As CDIllct DC express TLR3 as a known ligand for
poly(I:C), CD1lc*t cells were depleted from PBMC by
MACS. After this depletion procedure, PBMC (the CD11c”
fraction) failed to up-regulate CD69 on yd T cells in the
presence of poly(I:C) (Fig. 6a). The activation of yd T cells
within this CDIllc fraction could be restored by the
addition of poly(I:C)-stimulated CD11c " cells. From these
results and data obtained with purified yo T cells/yo T-cell
clones, we conclude that poly(I:C) activates y0 T cells
indirectly via cells within the CD11c " fraction of PBMC.
To test whether CD11c* DC can directly mediate y6 T-cell
stimulation by poly(I:C), we analysed the effects of mono-
cyte-derived immature CD11c* DC (iDC) on yd T cells. As
shown in Fig. 6(b), the treatment of CDIllc" iDC with
poly(I:C) induced CD69 up-regulation on yd T cells, while
unstimulated CD11c¢™ iDC failed to activate o T cells.
Interestingly, low numbers of poly(I:C)-stimulated CD11c¢ ™"
iDC within PBMC cultures are sufficient to mediate 7
T-cell activation, as significant up-regulation of CD69 on 74
T cells was observed until a PBMC/DC ratio of 1 : 100 was
reached (Fig. 6b). In addition, the supernatant of poly(I:C)-
stimulated CD11c™ iDC was as effective as CD11c* iDC
for stimulating y6 T cells, indicating that soluble factors,

e.g. cytokines secreted by CD11c™ iDC, are responsible for
the activation of yd T cells by poly(I:C) (Fig. 6b). The
separation of CD1lc- PBMC from CDl1lc™ PBMC or
CDI1c" iDC by a transwell system, confirmed that soluble
factors contribute to the poly(I:C)-mediated stimulation of
76 T cells via CD11c¢™ iDC (data not shown).

Type I IFNs contribute to the poly(I:C)-mediated
activation of yd T cells

To investigate, in greater detail, the soluble factors
responsible for the poly(I:C)-induced activation of y6 T
cells, we used neutralizing antibodies against different cy-
tokines and assessed their capacity to affect the poly(I:C)-
mediated up-regulation of CD69 in PBMC cultures. Inhi-
bition of type I IFNs (IFN-a, IFN-f) and IL-15 was rea-
sonable, because both cytokines were shown to activate yJ
T cells similarly to poly(I:C). Table 2 shows that the addi-
tion of a neutralizing Ab against type I IFN receptor
markedly reduced the CD69 up-regulation of y6 T cells by
poly(I:C). In contrast, the anti-IL-15 Ab had no influence
on the poly(I:C)-mediated activation of yo T cells. An
activating effect of the neutralizing Abs used was excluded
by culturing PBMC with the neutralizing Ab alone or with
an irrelevant control Ab in the absence of poly(I:C). In
addition, neutralizing antibodies against IL-2, IL-12, IFN-y
and TNF-a, were also not able to inhibit the poly(I:C)-
mediated activation of yd T cells in PBMC cultures (data
not shown). Thus, poly(I:C)-induced IFN-«f5, produced by
CDl11c’ DC, is responsible for the activation of y T cells
by poly(I1:C).

DISCUSSION

Several previous studies have already shown that poly(I:C)
has pleiotropic immunostimulatory effects on various types
of immune cells.’*?*> One of the main effects of viral
dsRNA [mimicked by poly(I:C)] has been thought to be the
induction of type I IFNs, which play an essential role in
innate antiviral immunity. However, until recently it was
controversial as to which immune cells can directly respond
to poly(I:C). Receptors of the TLR family have been re-
cently identified to recognize pathogen-associated molecu-
lar patterns (PAMPs), such as dsRNA.!* The expression of
TLR3, which recognizes dsSRNA and its synthetic mimetic
poly(I:C), has been described to be restricted to DC subsets,
fibroblasts and intestinal epithelial cells.'*!®!” Therefore,
CDI1c" DC were initially reported to be the only cell
population within PBMC to recognize poly(I:C).'%!®
However, a recently published study demonstrates that
human NK cells, which are known to play an important
role in the first line of defence against viral infections, also
express TLR3 and thus can directly recognize the TLR3
ligand, poly(I:C).>* We therefore investigated, in this study,
whether human yo T cells are also a target of poly(I:C)-
mediated immunostimulatory effects.

We demonstrate here, for the first time, that poly(I:C)
induces the activation of peripheral blood yd T cells and has
remarkable costimulatory effects on the yé T-cell prolifer-
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Figure 6. Soluble factors from CD11c™ dendritic cells (DC) are responsible for the polyinosinic-polycytidylic acid [poly(I:C)]-
induced activation of yd T cells. (a) Peripheral blood mononuclear cells (PBMC) were depleted from CDIllc™ cells by
magnetic-activated cell sorting (MACS). The negative selected cell population contained < 0-1% CD1l1c-expressing cells.
Expression of CD69 on 76 T cells within undepleted PBMC (PBMC) or CD11c " -depleted (CD11¢") PBMC was determined
after 24 hr of stimulation with 50 ug/ml poly(I:C) [p(I:C)] by two-colour fluorescence-activated cell sorter (FACS) analysis.
The positive selected cell population (CD11c™) was incubated with 50 pug/ml poly(I:C) for 12 hr [CD11c™ /p(I:C)], extensively
washed and then incubated with CD11c PBMC, for an additional 24 hr, at a ratio of 1 : 1. The results are shown as mean +
standard deviation (SD) of triplicate cultures from one representative donor. (b) Immature DC (iDC) were incubated with
medium only (unstim. iDC) or with 50 ug/ml poly(1:C) [p(I:C) stim. iDC] for 12 hr. Afterwards, the supernatant (SN) from
these iDC or extensively washed iDC were incubated with CD11c™ PBMC, at the indicated ratios, for 24 hr, and expression of
CD69 on yo T cells was determined by two-colour FACS analysis. Results are shown as mean & SD of triplicate cultures from
one representative donor. Similar results were observed in two additional donors. Isopentenylpyrophosphate (IPP), phyto-
haemagglutinin (PHA) and phorbol 12-myristate 13-acetate (PMA).

Table 2. Effect of neutralizing anti-type I interferon (IFN)-
receptor and anti-interleukin-15 (anti-IL-15) immunoglobulin
on the polyinosinic-polycytidylic acid [poly(I:C)]-induced
activation of y0 T cells

Anti-type |
Medium IFN-R Anti-IL-15
Medium 119 + 09 95 £ 11 123 £ 04
poly(1:C) 521 + 99 188 + 26 590 + 24
IFN-o 588 £ 19 279 + 22 -
IFN-f 409 + 24 197 + 58 -
IL-15 719 + 27 183 + 03

Primary peripheral blood mononuclear cells (PBMC) were cultured in
medium alone, or in medium containing poly(I:C) (50 ug/ml) or the indi-
cated cytokines (100 U/ml IFN-«, 100 U/ml IFN-f, 50 ng/ml IL-15), in the
presence or absence of the following neutralizing antibodies: anti-type I
IFN-receptor (anti IFN-o receptor chain 2; 5 ug/ml) or anti-IL-15
(5 pg/ml). After 24 hr of culture, the expression of CD69 on yd T cells was
assessed by two-colour fluorescence-activated cell sorter (FACS) analysis.
Results represent the mean values + standard deviation (SD), obtained in
three separate experiments.
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ative response in the presence of additional signals (such as
phosphoantigens). However, several lines of evidence indi-
cate that 0 T cells do not directly recognize poly(I:C).
First, highly purified y0 T cells or yo T-cell clones failed to
up-regulate CD69 in response to poly(I:C). Second, TLR3
protein expression, permitting direct detection of poly(I:C),
was absent in purified yo T cells. Third, a similar pattern of
activation (up-regulation of CD69, but not of CD25 or
HLA-DR) was observed when yd T cells were stimulated
with recombinant type I IFNs (IFN-o and IFN-f), which
are known to be secreted by CD11c™ DC in response to
dsRNA. Fourth, depletion of IFN-producing CD11c™ cells
from PBMC, or blocking the IFN type I receptor, abol-
ished the poly(I:C)-induced activation of yd T cells. In
agreement with other studies we observed that poly(I:C)
also induces activation of NK cells, but not of «ff T cells.
These findings suggest that although yd T cells and NK cells
play an important part in mounting early effective antiviral
responses, activation by viral dsRNA is differentially
regulated in these cells. While human NK cells can directly
recognize viral dsRNA via TLR3 receptor expression,>
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0 T-cell activation by these immunostimulatory RNA
compounds is indirectly mediated via type I IFNs from
TLR3-expressing CD11c™ DC. This is consistent with
previous studies demonstrating that TLR3 mRNA was not
detectable at significant levels in purified T cells, as assessed
by quantitative reverse transcription—polymerase chain
reaction (RT-PCR).?**?* In addition, the Toll/IL-1R (TIR)
containing adapter molecule 1, a recently described adaptor
molecule that preferentially mediates TLR3 signalling, has
been found exclusively in immature DC, macrophages and
NK cells,” supporting our findings that yd T cells cannot
directly recognize poly(I:C) via TLR3. In contrast to yd
T cells, poly(I:C) alone has been shown to induce effector
function (secretion of pro-inflammatory cytokines, induc-
tion of cytotoxicity) in NK cells,*® while it induces only a
partial activation status in pd T cells (CD69 up-regulation
without up-regulation of CD25 or HLA-DR and no IFN-y
production). However, our data demonstrate that poly(I:C)
has remarkable costimulatory effects on the yd T-cell pro-
liferative response in the presence of additional signals for
the y0 TCR. Although we did not analyse the effect of type
I IFNs on the yd T-cell proliferative response in detail, type
I IFNs, which mediate the poly(I:C) effects on yd T cells,
have been proposed to promote and maintain antigen-
specific T-cell responses, especially of memory-type cyto-
toxic murine aff T cells, and to support proliferation of
these cells in vivo, which is probably mediated by type I
IFN-induced IL-15 production in bystander cells.?®*’
Therefore, poly(I:C) may be useful for enhancing phos-
phoantigen-specific 6 T-cell responses, which are currently
under development for cancer immunotherapy.”®

Our results confirm and extend previous studies showing
that 96 T cells can be activated by various cytokines (IL-2,
IL-15, TNF-a, IL-12, IFN-o and IFN-p) in the absence of
specific antigen stimulation.>** In contrast to previously
reported data, we did not observe any up-regulation of
CD69 on 99 T cells in human PBMC cultures by exogenous
tumour necrosis factor-a (TNF-o) or IL-12. An obvious
explanation for this discrepancy could be the different
culture conditions or cytokine concentrations, as Lahn
et al. used FCS instead of human serum to mediate 7y
T-cell activation by TNF-o, and Ueta et al. used higher
concentrations of IL-12 (300 ng/ml) to induce yé T-cell
stimulatory effects.>'*> Hence, by using FCS-containing
serum we were able to confirm the activating effect of
TNF-a on 9 T cells (data not shown).

Another class of immunostimulatory nucleic acids,
bacterial DNA containing unmethylated CpG motifs (CpG
ODN), has been shown to activate effectors of the innate
immunity, including NK cells and 76 T cells.*® Similarly to
poly(I:C), distinct CpG ODN induce partial activation of
o T cells, which is also indirectly mediated by type I
IFNs.** CpG ODN-induced production of type I IFNs is
mediated by a different subset of human DCs (plasmacyoid
DC), which express TLRY as a receptor for CpG ODN. 83
In contrast to poly(I:C), CpG ODNs are capable of indu-
cing TFN-y in activated yd T cells.*® This finding suggests
that the mechanism of yd T-cell activation by poly(I:C) and
CpG ODN is different, although type I IFNs play an

important role in yJ T-cell stimulation by both compounds.
As the primary target of immunostimulatory nucleic acids
are different DC subsets (CD11¢c™ iDC versus plamacytoid
DC), the amount and type of cytokines produced by these
DC subsets in response to poly(I:C) and CpG ODN,
respectively, might explain the different quality of yd T-cell
activation.

Although several studies suggest an important role of
yo T cells in viral infections, the identity of specific viral
antigens recognized by yd T cells remains unknown. So
far, a few naturally occurring Vy9Vé2 T-cell ligands have
been isolated from different bacteria (Mycobacteria spp,
Escherichia coli) and identified as structurally related
phosphoantigens which have been linked to the non-
classical mevalonate pathway of isoprenoid synthesis
found in bacteria, algae and plants (Rohmer pathway).>>
3 This supports the concept that y0 T cells discriminate
between self and non-self through the recognition of spe-
cific biosynthetic routes. However, this metabolic pathway
has not been demonstrated in viruses and there is no
evidence, to date, for the presence of phosphoantigens in
viruses. Our data suggest that the documented expansion
of y0 T cells during several virus infections in vivo and in
vitro might result, in part, from a bystander effect medi-
ated through PAMPs such as dsRNS. Thus, our data
indicate a potent adjuvant effect of dsRNA for yé T-cell
activation and proliferation during viral infections. How-
ever, the recognition of a specific antigen/cellular ligand
seems to be crucial, because the remarkable enhancement
of yo T-cell proliferation by poly(I:C) in our study was
dependent on the presence of phosphoantigens (e.g. IPP),
and the recognition of virus-infected cells by yd T cells has
been shown to be TCR-yd-mediated in other studies.'® As
yo T cells exhibit a significant crossreactivity between
different viruses, their antiviral activity is probably not
directed against a specific viral antigen, but rather against
a putative cellular (self) ligand, induced or modified by
viral infection.!®*

In conclusion, the ability of PAMPs, such as dsSRNA or
CpG OGN, to induce bystander activation of yo T cells and
function as a potent costimulatory proliferation signal,
provides further evidence that human yé T cells can colla-
borate with the innate immune system during the primary
immune response to infectious agents.
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